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NuMI Off'aXIS Beam, Systematics, Background

: Jim Hylen / FNAL
Beam, Systematics, Background Foge 1

Outline:

1)  Brief description of NuMI beamline, construction status, on-axis beam to MINOS

2) Kinematics that lead to off-axis beam

3) V., beam background

4)  Prediction of far off-axis spectrum from near detector measurement
5) Anti-neutrino running

6) Is another near detector useful ?

7)  Further optimization of beamline ?
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MINOS Experiment ™ miemu™
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. \ Two Detector Neutrino
7 A Oscillation Experiment

(Start Dec 2004)

Lake
Michigan

Near Detector: 980 tons
Far Detector: 5400 tons
Fermilab

IL

Det. 2

Soudan

Fermilah —  }10km
/ Det. 1 735 km
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How v beam 1s produced o len | FNAL
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120 GeV/c protons strike graphite target
Magnetic horns focus charged mesons (pions and kaons)
Pions and kaons decay giving neutrinos

Hadron

Decay Plpe Absorber

Magnetic horns I1=677m, r=1m i

Target I? 7L /HV i

7 o —>
. K

- 1 spill every 1.9 seconds
- 4el3 protons/10 usec spill
- 3.8¢20 protons/year

hadron and muon
monitoring stations

< >
L = 1.04 km to Near. 735 km to Far Detector
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Undergr0und EXC avation Complete ! Beam, Systematics, Background

Jim Hylen / FNAL

To do: outfit, surface bldg., install Page 4

NulVll Tunnel Project

}47 677 m decay pipe —>{ Near

T Detector
Target
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Status Of NuMI Tunnel Jim Hgf;e/SFNAL
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M agn eti C H O m S Beam, Systematics, Background

Jim Hylen / FNAL
Tt focused by toroidal field between conductors ~ ™°
Outer Conductor o
Stripline

Inner Conductor

Precision control of field -
Achieved ~ 0.1 mm horn tolerance after weld

b i

Insulating Ring

Drain



NuMI Off-axis Expt. Mtg.
September 16, 2002

NuMI Hom 1 Beam, Systematics, Background

Jim Hylen / FNAL
Page 7
Test Power Supply, Production Power Supply,
0.85 ms pulse 2.7 ms pulse, 205 kA peak
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Horn 2 nearing completion o ivien | PXAL
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Initial weld samples Final horn being welded
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w_ Pro dUCtion, Beam SSe}ljstteer?r]laaicls@Bi(l(l)(Zground
Focusing, Decay Jmylen | ENAL
Pt(T[) ~ 300 MCV ’/,\’, e EV ) 043 ET[
]! i “— V) to detector 1 +y,20, 2
0.~ 300 MeV 2
—> S R 1 P(m) Fl v
ux ~
g (1+v,78,%) 2

« Without focusing, flux to detector 1s only ~1/25 of flux in pion direction

« With a parabolic shaped horn inner conductor,
B dL (i.e. p, kick) is linear with radius > lens T
[]
fap
*The focal length is proportional to p: >
choice of target to horn distance selects momentum

\ 4

* Tt focused parallel by horn 1 go through hole in horn 2;
somewhat under or overfocused Ttare focused by horn 2
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by moving target and 2"d horn Page 10
Low Energy Beam | 200 F High Energy <
[ —— i Nl T Event Totals 1
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MINOS on-axis:  Low energy beam selected to start
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Jim Hylen / FNAL
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The Underground (tunnel, caverns, and shafts) contractor will
finish mid-November of this year (2002)

Surface buildings, outfitting take about 1 year

Installation of beam technical components and Near Detector
take about 1 year

First beam on NuMI target ~ 11/04
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NuMI-MINOS is designed as broad band oscillation vy disappearance search facility,
has much higher reach in E,, for its L than current knowledge would require
(for AM?=0.003 eV?, 15t osc. node at 735 km is at 2 GeV)

@2GeV, (off-axis ME / on-axis LE):

1) gives twice the Vp beam flux

2) V, beam background / VH beam reduced by factor 2-3 at source
(and much of VH oscillate away, reducing mis-ID b.g.)

3) High energy tail in spectrum greatly reduced
NC feed-down background greatly reduced

Events above V.[ CC threshold, and thus VT -> e b.g., greatly reduced

4) V. beam background mostly from muon decay
(easier to predict than kaon decay background)
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of perfectly focused pions Page 13
In pion rest frame:
V | e e s e e s R Ba s R s o
o of E,=043E_[1+7°0) ;

Neutrino and muon energy r 3 S o :
completely determined & f 3 o
= = § o
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QO 5F & g
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TWO bOdy decay kinematic S Beam,SSe}ljstteer?r]laaicls?’B2a(::(l)<2ground
Jim Hylen / FNAL
of perfectly focused pions Page 14
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Medium energy setting
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p,=V(p cosd + BE")
pr=p sing
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V- V hat are P Scales o Beam, Systematics, Background
. . t Jim Hylen / FNAL
Does this magic really work? Page 15

P, max for v from pi decay is 30 MeV/c
Hadronic production of pions peaks around P, of 200 — 300 MeV/c

Horn focus reduces this to ~ 10 MeV/c over some momentum range,
so that this off-axis “magic” can help, and P; (pion) < P, (decay).

Does induce significant smearing, need full M.C. to understand beam

At other momentum ranges, pion P, dominates decay P,

(multiple scattering ~ few MeV/c)

For reference, Beamline geometry aperture ~ 10 mr at low momentum
effective aperture becomes smaller at high momentum



CC events/kt/3.8e20P0OT/0.2 GeV
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spectra moving off-axis

(unoscillated, GEANT M.C. )
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N LE CC Rates (No Oscillations)
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v CC Events/GeV

7 . NuMI Off-axis Expt. Mtg.
= What parent pions Septerber 16,2002
§ _.. N . . Beam, Systematics, Background
are actually contributing? Jim ylen | PNAL
MINOS ;
Diekecior posiiona=10 k75 Understand from pi production, focus, flux fact.
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Solid angle for off-axis ~ y?/(1 + (y0)?)%/L?
E, (and hence x-section) ~y/ (1 +y?20?)
Compare with y? / L? and y for 0°

For optimum, y0 ~ 1

For NuMI, advantages are energy compression and shift to
better match to L and Am?

But per pion , neutrino event yield 1s 8 times smaller

Once you choose your location, you no longer have much
flexibility to change beam parameters



V,, rates moving off-axis (L.E.)
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CC Events/kt/yr/bin

Jim Hylen / FNAL
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Sources of the v, background

NuMI Off-axis Expt. Mtg.
September 16, 2002
Beam, Systematics, Background
Jim Hylen / FNAL
Page 20

0.2

0.15

0.1

0.05

0.1

o) evts/kt/3.8E20POT/0.2GeV

Y
o
o
(o3

(ve+

0.06

0.04

0.02

v _+v_ ME Rates (L=735 km)

L r=0km

- —— Total
rom kaon

\!’TI\\ || oy oyog g by yoy

0 2 4 6 8 10
EV (GeV)
L T T T | T 1 1 | T T T ‘ T T T T T T 5
L r=10km ]
- It)[al g
N rom kaons -
—J .\ 1 | L1 1 | L1 ‘ L1 1 ‘ L1 1 :
0 2 4 6 8 10

E, (GeV)

0.2

0.15

0.1

1 0.05

0.05

0.04

0.03

L r=5km

'!nt.‘tl
+ rom kaons

L= b Dy Ne b yog g

—1 L 1 | 1 1 1 | 1 1 1 | 1 1 1 ‘ 1 1 !
0 2 4 6 8 10
EV (GeV)

@ T T T | T T T | T 1 1 | T T T T T T B
Fr=20km .
[ —— TJotal ]
[eeeseenee rom kaons =1
i-#-(;-‘ 1 | L1 1 | 11 1 | L1 1 ‘ 1 ; | "
0 2 4 6 8 10

E, (GeV)

K decays

At low energies the dominant
background is from p*>e™+v +v,
decay, hence

K production spectrum is not a
major source of systematics

v, background directly related to
the v, spectrum at the near
detector
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N.C. rates off-axis (M.E.)
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N.C. rates off-axis (L.E.)
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LE Rates at r=10 km, L=735 km (UeSEZO.Ol)
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Vi, oscillated spectrum o Fylen | FXAL
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Oscillated ME rates at r=10 km, L=735 km (UeBzz0.0l)
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ey s e Event spectra at far
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Beam, Systematics, Background
Jim Hylen / FNAL

of off-axis spectrum work? Page 25

Detector position x=10 km,z=735 km

P B L B L B L B B B B
18 F . Weight matrix from M.C. ' -
16 of pion decay locations
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Raw production model v, prediction. Beam e e around
. Jim Hylen / FNAL
Then near detector constrained ! Page 26

Low energy option

No near detector — LE

Predictions for far detector spec- f‘f e
tra (NuMI beamline, LE, L =735  |§ i
km), D = 10 km off axis. 3 K
=y MARS
e On absence of any near detec- Malensek
tor: ~25% uncertainty.
lllllllll 78 S; 10
OnF—OJ;EiE :e;?dké?ector - LE =
e With an on-axis near detec- 2wk
tor (M matrix derived from each 25k _[:
model): S
GFLUKA: 74.2 events 1-3 GeV, R
BMPT: 74.3 events, SE =
MARS: 74.7 events, SE .
Malensek: 75.4 events. Y T R A T
E, GeV

Far, D = 10 km




A first attempt to extrapolate
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. Jim Hylen / FNAL
off-axis far v o from near \)H flux roee?
INTRINSIC v_, FAR 10 km OFF AXIS
§0_16:I '|""I'"'I'"‘I""l""I""I""I""]""_:
Hadron production re- 0.14 —l_.—— —§
lated uncertainties are g onf E
minimized by using v, = Ol :
information from the 0.08 BMPT .
on-axis near detector. zx —— Molensek o —
Eg., forl<E, <25 el E
GeV, the total rate is L R Y S Bo3E 3 a3 W s
predictible to ~6%. ) K. GeV
P VCFAROFFAXISI\F‘NEARONAX]S
- - D e R o e B e s R s R s e aa
Here, a Near-y,-to- 3 0035 F 3
far-v. correlation ma- E 0.03 -
trix M’ can be evalu- S 0025 F R
ated — possibly a still 3 onf —-— T

more accurate predic-
tion.

E, GeV
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What about systematics from B b 1O
. . Jim Hylen / FNAL
poorly known neutrino cross sections ? Page 28
MIPP

Main Injector Particle Production Experiment (FNAL-E907) MIPP will run at FNAL in 2003
* Measure 120 GeV proton-carbon -=> T K, ...
* Good precision, ~ 2%
* NOT single arm spectrometer

- getall P, P

- acceptance correction easier
 Use actual NuMI target

Wiz o Flighi

With NuMI precision horns and above MIPP
hadron production measurements, will make
very good prediction of vV flux in near detector

- have already measured excellent
magnetic field quality in 1" horn




CC evts/kt/3.8e20POT/kt/0.2 GeV

Anti-neutrino beam
by reversing horn current
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Slightly less flux, bigger hit in anti-neutrino cross section, ~ 1/3 as many events !
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Anti-neutrino running September 16, 2002

Beam, Systematics, Background
Jim Hylen / FNAL

backgrounds Page 30

MEREYV Rates at r=10 km, L=735 km (Ue32:0.01)
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Distance from present
MINOS Near Detector to
FNAL site boundary is 2
km.

Thus distant Near
Detector at the
appropriate angle is
possible.

There appears to be no
requirement for such a
distant near detector.

Probably put N.D. in
present cavern (on axis),
or present transfer tunnel
(off axis)
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Off-axis Near Detector may not be necessary for v, background
estimate:

pion flux (and hence muon flux) measured in on-axis ND

. muon flux checked directly in muon monitors

. K decays are minor contribution

. T decays don’t contribute in this energy range

. MINOS Near Detector can perform the required measurements

NC background estimate 1s more difficult

° the level of understanding required depends on its size
. off-axis Near Detector of same technology can measure this background
. the Far Detector spectrum does not have to be reproduced exactly

Both these backgrounds have much broader spectrum in far detector
than the v, oscillation signal
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1.  Optimum with existing horns is probably close to ME focus,
has not been fine tuned

2.  Probably want longer, narrower target; not studied yet
3. Change in horn shape not investigated, may give modest improvement

4.  E907 MIPP experiment will measure target hadron production,
will allow more precise optimization studies

5. Extrapolation of beam v, background deserves more detailed study

6. How cross section factors into extrapolation also needs study



